Three PEGylated derivatives of 1,4,7,10-tetraazacyclododecane-1-((6-amino)hexanoic)-4,7,10-triacetic acid) (DOTA-AHA) with different molecular weights were prepared and characterized. Their Gd(III) chelates were studied in aqueous solution using variable- 
Introduction
Magnetic resonance imaging (MRI) is one of the most powerful and useful techniques in medicine for soft tissue imaging. Images are generated by spatially encoding the signal coming from the water hydrogen nuclei of the tissues through the application of timevarying, linear magnetic field gradients and pulses of radiofrequencies.
[1] The quality of a MRI scan depends on intrinsic properties of the biological tissues such as the density (H) of the hydrogen nuclei, the blood flow and the hydrogen nuclei relaxation times (T1 and T2). In circa 40% of MRI scans there is the need of paramagnetic contrast agents (CAs) which shorten the hydrogen nuclei relaxation times of neighboring water molecules, increasing the signal intensity on T1 weighted images and decreasing it on T2
weighted images, enhancing thus the contrast between the body tissues. [2] Gd(III) is particularly suitable for the purpose of contrast enhancement in T1 weighted images, due to its high magnetic moment and long electronic relaxation time, which results in a strong dipolar interaction with the hydrogen nuclei. [3] The vast majority of the approved CAs are Gd(III) chelates based both on macrocyclic tetraazapolyaminocarboxylate chelators (ex: Dotarem . These low molecular weight extracellular fluid CAs rapidly equilibrate between the intravascular and interstitial spaces. [4] This equilibrium decreases the effective concentration of Gd(III) within the blood vessels and distributes gadolinium into the interstitial tissues where it may increase background noise. [5] The effectiveness of any contrast agent is measured by its relaxivity (r), which is the enhancement of the water protons relaxation rate imposed by a 1 mM concentration of Gd(III) chelate. [6] There are several approaches to increase the relaxivity through the optimization of its molecular parameters. The rotational correlation time (R), water exchange rate (kex) and electron spin relaxation times (Te) are the most important parameters ruling relaxivity. Because Te is mainly dependent on the metal ion it is not easily changeable while the other two parameters can be more or less efficiently optimized. [6] To increase the rotational correlation time of the Gd(III) complexes seems to be the most straightforward choice and this has been achieved through several strategies: formation of multinuclear assemblies, either through covalently bound chelates (multimeric structures, [7] linear polymeric structures, [7d, 8] spherical dendrimers [9] ) or has also been shown to reduce immunogenicity. [15] Due to these properties, the incorporation of PEG moieties onto radiolabeled DOTA-based bioconjugates in order to reduce liver uptake and increase tumor accumulation has been reported over the years. [16] In the search for new MRI CAs, the insertion of PEG units in gadolinium containing systems has been exploited in different manners, from single chelates [17] to copolymeric [8a, 16b, 18] and dendrimeric chelates. [19] The present work aimed at verifying the influence of the introduction of PEG moieties on the relaxivity of Gd(III) chelates of asymmetrical DOTA-based ligands. For this purpose three derivatives of DOTA-AHA 
Results and Discussion

Synthesis
The PEGylation of DOTA-AHA was accomplished using activated PEG moieties with succinic anhydride (scheme 1, compounds 2-4) with the pro-ligand DOTA-AHA (scheme 1, compound 1). The DOTA-AHA pro-chelator was prepared according to the methodology described recently. [20] After deprotection, the PEGylated ligands 1,4,7,10- 
H NMRD and 17 O NMR relaxometric studies
To obtain the parameters determining the relaxivity, all PEGylated Gd(III) chelates have been studied by 1 H relaxometry ( Figure 2 ) and the chelate [Gd(L2)] -has also been studied by 17 O NMR relaxation and chemical shifts measurements (Figure 3) . The results of a combined analysis using the Solomon-Bloembergen-Morgan model of the latter chelate show that water exchange rate (Table 1) is not influenced by PEGylation in relation to Gd(DOTA), being actually slightly higher than that of this chelate ( 298 kex = 4.1x10 6 s -1 ). [21] These results are in contrast with what has been previously reported for the PEGylated hetero-tripodal hydroxypyridonate (HOPO) gadolinium complexes, since the coupling of PEG moieties lead to a decrease in the kex values in relation to HOPO complexes without PEG. [17a, 17c] In this case, the authors ascribed such effect to the formation of hydrogen bonds with water molecules which induce partial displacement of the inner sphere water molecules; the strength of these bonds being strong enough for the reduction of the number of water molecules in the inner sphere (q) from 2 (non-PEGylated chelate) to 1 (PEGylated chelates). and consequently no such effect on the water molecule residence time is observed. We therefore fixed the water exchange rate constants in the analysis of the relaxivity data to the values of [Gd(L2)] - (Table 1 ). The NMRD profiles ( Figure 2 ) could only be fitted using a Lipari-Szabo model free approach taking into account internal rotational motion. [22] All three compounds show a very long g corresponding to the global rotation of the complexes and a much shorter l describing the actual rotation of the Gd-H vectors (Table 1) 
H NMR studies of paramagnetic lanthanide Lchelates
The trivalent lanthanide complexes of DOTA-based ligands exhibit a variety of conformational and coordination isomers which may display dynamic behavior on the NMR timescale. [23] The isomers of their Gd(III) chelates have been found to have different relaxivity properties. [24] [23c]
Similarly to the ligand DOTASA, [26] L1 is an asymmetrical derivative of DOTA, with one of the four acetate C() atoms substituted. In the case of L1 the asymmetry is [27] The two isomers are characterized by different dipolar shifts, with complexes of the M form possessing the larger paramagnetic shift for a given ligand resonance. Through the analysis of the obtained 1 H NMR spectra, the M/m isomer ratio could be determined for several complexes. For this purpose it is particularly useful to observe the resonance in the most-shifted axial ring proton, ax1, which is well separated from the others.
[23a, 23c, 25] For example, in the case of [Ln(DOTA)] -complexes this resonance is observed at circa +30-50 ppm and circa +150-160 ppm for the M isomers, while for the corresponding m forms, the axial ring protons ax1 has resonances at lower frequencies, at circa +10-30 ppm and circa +90-100 ppm for Eu(III) and Yb (III) complexes, respectively.
[23a, 28] Similarly to what has been previously found in asymmetric DOTA-based complexes, the ax1 protons of most of the studied Ln(III) complexes of L1 originated two sets of well separated signals, which could be assigned to the isomers M and m, as shown in Bleaney constants, which are negative for the first cations and positive for the latter. [29] Integration of those signals afforded the isomer ratios M/m, as shown in showed that the stabilization of the M isomer on proceeding to the right across the lanthanide series is the result of an increased binding energy of the ligand to the metal for this isomer as the charge density of the lanthanide ion increases.
[27b]
It is known that m isomers of lanthanide macrocyclic DOTA-type chelates have about 50
times faster water exchange (kex) than M isomers. [30] For [Gd(DOTA)] -an M/m isomer ratio of circa 6:1 was calculated by interpolation of the ratio for the Eu(III) and Tb(III)
chelates, while for [Gd(DOTASA)] 2-an isomer ratio of 1:1 was obtained, accounting for a 50% increase in the water exchange rate of the latter chelate. [26] The comparison of the observed M/m ratio for the present PEGylated chelate shows that despite the preservation of the trend in the M/m ratio just described, the dominance of the m isomer for the complexes of the early Ln(III) ions is not so significant as in other cases. [26, 28b] Figure 6 ) and further signal collapse of the resonances of both isomers observed at 60 ºC.
[25c] 
Conclusion
Using a synthetic methodology previously described for the chelator DOTA-AHA, it was possible to prepare three PEGylated derivatives [DOTA-A(PEG)HA]. The Gd(III) chelates of these ligands were designed as potential MRI contrast agents, taking into consideration an enhancement of the relaxivity thanks to longer rotational correlation times and the fact that PEG moieties may also act as pharmacokinetic modifiers, including a prolongation of their circulating time, with concomitant possibility of using them in angiography.
The three PEGylated Gd(III) chelates were studied by 1 H relaxometry and 
Experimental Chemicals and Materials
Analytical grade solvents were used and dried by the usual methods when was needed.
Analytical grade reagents were purchased from Sigma-Aldrich, Acros, Bachem, Merck, Chematech and used without further purification. 17 O-enriched water was purchased from
IsoTrade GmbH (Mönchengladbach, Germany).
The reactions were monitored by thin layer chromatography (TLC) on glass plates coated with silica gel 60 F254 (Whatman) and detection was made by examination under UV light (240 nm), by adsorption of iodine vapor and/or by spraying with ninhydrin.
Chromatographic separations were performed on silica gel 60 (Whatman 230-240 Mesh). 
Instruments
succinate-PEG550-OMe, 3
Using a similar procedure to that previously described for compound 2, but using HO-PEG550-OMe (2.2 g, 3.7 mmol) it was possible to obtain compound 3 (2.5 g) as a colorless oil. The product was used without further purification. 
succinate-PEG350-OMe, 4
Using a similar procedure to that previously described for compound 2, but using HO- 
DO3A(t-Bu)-A(succinate-PEG750-
DO3A(t-Bu)-A(succinate-PEG550-OMe)HA(Be), 6
Using a similar procedure to the previously described for compound 5, but with succinate-PEG550-OMe (324 mg, 498 mol) it was possible to obtain compound 6 (347 mg, 68 %)
as a yellow solid. 
DO3A(t-Bu)-A(succinate-PEG350-Ome)HA(Be), 7
Using a similar procedure to the previously described for compound 5, but with succinate-PEG350-OMe (178 mg, 396 mol) it was possible to obtain compound 7 (194 mg, 79 %)
DOTA-A(PEG750)HA, L1
DO3A(t-Bu)-A(succinate-PEG750-OMe)HA(Be), 5 (480 mg, 292 mol) was dissolved in DCM (7 mL) and in TFA (7 mL). The solution was stirred overnight at room temperature and concentrated under reduced pressure to give a purple oil. The oil was washed with nhexane (2x) and with water (2x) to give a yellow oil. 
DOTA-A(PEG550)HA, L2
Using a similar procedure to the previously described for compound L1, but using 
DOTA-A(PEG350)HA, L3
Relaxometric Studies Sample Preparation
To an aqueous solution of the ligand, a GdCl3 solution in a 1:1 mole ratio was added dropwise (a slight excess of ligand was used). The pH was adjusted to around 4 with the addition of a 0.01 M NaOH solution and the solution was stirred for 1 hour at 60 ºC. The pH was adjusted to 5 with the addition of a 0.01 M NaOH solution and the solution was stirred overnight. The pH was then adjusted to 5.7 and the solution was concentrated under reduced pressure.
In all cases, to the final solution, H2 17 O ( 17 O = 20.2 %) was added to obtain a final 2% 17 Oenrichment in order to improve the sensitivity of 17 O NMR measurements. The absence of free metal was checked with xylenol orange. [34] The final concentration of Gd(III) was determined by susceptibility measurements in the presence of t-butanol. [35] The Gd(III) concentration in the samples were ≈ 8 mM. The samples were sealed in glass spheres adapted for 10 mm NMR tubes, in order to avoid susceptibility corrections to the chemical shifts. [36] Variable-temperature 17 O measurements were performed at 9.4 T ( 17 O Larmor frequency: 54.3 MHz). The longitudinal (1/T1) and transverse (1/T2) relaxation rates were measured using the inversion-recovery [37] and the Carr-Purcell-Meiboom-Gill [38] pulse sequences, respectively, and chemical shifts () were measured at 12 different temperatures in the range from 5 to 65 °C. The reduced relaxation rates T1r and T2r and the reduced chemical shift differences r, with respect to a pH 3.0 water reference (2% 17 O-enrichment), were calculated using equations 2 to 4. The number of water molecules in the inner sphere of the complex q was fixed to one. 
Data Analysis
For fits of the 1 H NMRD and 17 O NMR data, a Solomon-Bloembergen-based theory was used [36b, 39] supplemented with the Lipari-Szabo free-model approach for the internal rotation. [40] The simultaneous fits were performed using Visualiseur/Optimiseur [41] running on a MATLAB ® 8.0 (R2012b) platform.
Samples preparation
To an aqueous solution of the ligand, the corresponding LnCl3 solution in 1:1 mole ratio was added dropwise (a slight excess of ligand was used: 5%). The pH was adjusted to around 4 with the addition of a 0.01 M NaOH solution and the solution was stirred for 1 hour at 60 ºC. The pH was adjusted to 5 with the addition of a 0.01 M NaOH solution and the solution was stirred overnight. The pH was then adjusted to 7 and the solution was concentrated under reduced pressure.
Measurements
The solutions were prepared by dissolving the respective chelate in D2O (700 L 
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Be Benzhydryl 
CA
Contrast agent
